The Er-doped GaSe crystal has been investigated by using temperature dependent photoluminescence (TDPL), a Fouriertransform infrared spectrometer (FTIR), and Hall effect measurements. The Er-doped GaSe appears to be a p-type semiconductor. The impurity level at $2:064 eV is observed and located at $64 meV above the valence band in both the asgrown and the annealed Er doped GaSe crystal. Additionally, the infrared luminescence and transmission spectra which have arisen from the intracenter transitions 4I 9=2 ! 4I 15=2 , 4I 11=2 ! 4I 15=2 , and 4I 13=2 ! 4I 15=2 of erbium ions have been observed at $0:81, 0.99, and 1.54 mm, respectively. The annealing process under excess Se atmosphere at 600 C for 72 h can enhance the crystal to have more active erbium ions.
Introduction
Gallium selenide (GaSe) is a native p-type semiconductor that belongs to the III-VI layered semiconductor family, which is characterized by a strong anisotropy in the chemical bonding. The basic layer consists of four planes of atoms in the sequence of Se-Ga-Ga-Se. Between two basic layers, atoms are bonded together by weak Van der Waals interactions while the intralayer bonds have a strong ioncovalent character. Additionally, GaSe has a relatively large energy band-gap of about 2.0 eV at room temperature. Therefore, impurity doping in GaSe has been investigated with a large amount of interest because of possible technical applications for photoelectric devices in the visible region. 1) The electric and optical properties of GaSe doped with elements of groups I, II, IV, and VII have been reported by many researchers. [2] [3] [4] [5] [6] Room-temperature hole concentrations of the order of 10 15 -10 16 cm À3 have been demonstrated by doping Cd, Zn, Cu, and Ag.
Apart from the above elements, the doping of rare earth (RE) elements in the semiconductor has attracted considerable attention. The fact is that RE elements have partially filled 4f shells, which are well screened by outer closed orbital 4s 2 and 5p 6 . The intracenter transitions of 4f electrons give rise to sharp, atom-like and temperature independent emission spectra in different host materials. Recently, the erbium ion, when incorporated into a semiconductor such as Si 7) or GaN, 8) shows an intra-4f transition at a wavelength of 1.54 mm, which is important as a light source in optical communication technology. Up to the present, only two research groups have studied the erbiumdoped GaSe crystal (Er:GaSe). Lee et al. 9) used the optical absorption measurement to determine a direct energy gap of 1.79 eV and an indirect energy gap of 1.62 eV in Er:GaSe crystal at room temperature. Besides, an impurity optical absorption peak was found at 6505 cm À1 (corresponding to the wavelength of 1.54 mm), which originated from the energy levels of erbium ions. Tagiev et al. 10) observed the luminescence excitation spectra of Er:GaSe crystal. But both of these groups did not discuss the photoluminescence property of Er-impurity in detail. In this article, we report on the photoluminescence and discuss the radiative recombination mechanism in Er:GaSe crystal.
Experimental Procedures
The GaSe and Er:GaSe crystals were obtained by the Bridgmann method, but in Er:GaSe, 1 at.% pure erbium (99.95%) was introduced in the melt during growth. Raw materials were enclosed in the well-cleaned quartz tube under 10 À5 Torr. The growth was carried out under a thermal gradient of 30 C/cm and a growth rate of 2 cm/day. After the growth, square samples with faces perpendicular to the c axis were prepared and their size was 4 Â 4 mm 2 . In order to obtain more optically active erbium ions, the annealing process was used. Annealing of samples was carried out at 600 C for 72 h under excess Se atmosphere. The crystal structures of as-grown GaSe and Er:GaSe samples were observed using an X-ray diffractometer. The composition of all samples was measured by electron-probe X-ray microanalysis (EPMA). The optical transmission spectra in the near infrared ray region were determined by a Fourier-transform infrared spectrometer (FTIR, Bomem DA8.3). The ohmic contacts were soldered with high-purity indium in the Van der Pauw configuration for Hall effect measurements. The current was designed to flow along the surface planes and the magnetic field ($0:5 T) was applied perpendicular to them. Temperature dependent photoluminescence (TDPL) measurements were carried out in a helium-cooled cryogenic system and samples were excited by a He-Cd laser with a wavelength of 325 nm and an intensity of 30 mW. The PL signals were analyzed using a monochromator (TRAX320) and a cooled photo-multiplier (PMT) detector. Figure 1 displays the X-ray diffraction (XRD) pattern of as-grown and annealed Er:GaSe samples. Both samples present a clear appearance of a hexagonal structure of the h001i plane and these results are virtually the same as those for a pure GaSe sample. The estimated lattice constants are a ¼ 0:3751 nm and c ¼ 1:588 nm. By comparing the JCPDS value of "-GaSe with a ¼ 0:3749 nm and c ¼ 1:5907 nm, the lattice constants of Er-doped samples are found to be in good agreement with those of GaSe although the radius of erbium atom is larger than that of gallium and selenium. Additionally, the thermal process under excess Se atmosphere at 600 C for 72 h does not change the hexagonal structure of Er:GaSe. Table I lists the composition of GaSe and Er:GaSe samples from EPMA measurements. These results reveal that the pure and Er-doped samples almost possess a Ga to Se ratio of 1 : 1. Besides, EPMA measurement can qualitatively confirm that erbium atoms were successfully doped in GaSe crystal. In Hall measurement, the hole concentrations, mobility, and resistivity were obtained from the Hall coefficient by assuming a Hall factor of unity at room temperature and are listed in Table II . The p-doping effect of Er indeed appears in these results. However, the initial Er concentration (Er $ 1%) added into the growth solution is about 10 20 cm À3 . Our observed values of hole concentration in Table II , which are closer to the observed data of Er from EPMA listed in Table I , are about three orders of magnitude lower than the initial Er concentration. It is not clear whether the remaining amounts of Er atoms are incorporated into the crystal or segregated during crystal growth. After the annealing process, an increase of $38% hole concentration was observed in annealed samples. Besides, the resistivity and hole mobility of Er:GaSe are about $0:7 cm and 24 cm 2 /Vs at room temperature, respectively. Figure 2 shows FTIR transmission spectra of undoped GaSe, Er:GaSe, and annealed Er:GaSe samples at 300 K. In the near-IR region, two transmission valleys (absorption peaks) that appeared at $810 nm and $990 nm are observed in both Er-doped samples. This phenomenon is probably due to the f -f transitions from 4f n electrons, which are scarcely affected by the crystal fields around the erbium ions.
Results and Discussion
11) Two transmission valleys are therefore assigned by the transition, 4I 9=2 ! 4I 15=2 and 4I 11=2 ! 4I 15=2 respectively. Based on the increasing the depths of the transmission valleys, we consider that the annealing process can enhance the erbium ions to be more active inside the crystal. However, we do not observe the transmission valley by the transition 4I 13=2 ! 4I 15=2 of erbium ions at room temperature. The reason for this will be interpreted based on the following photoluminescence (PL) data. Figure 3 shows the PL spectra of the undoped, Er:GaSe, and annealed Er:GaSe at 7 K. For the undoped sample, only one emission band, denoted by A, was observed at 2.11 eV. The A emission band is attributed to the well-known recombination of the direct free exciton. 3) In the annealed and as-grown Er-doped samples, the four new bands, denoted by B, C, D, and E, appeared at 2.103, 2.093, 2.064, and 2.032 eV, respectively. The emission bands B, C, D, and E are contributed by doping impurities of erbium in GaSe. Figure 4 shows the temperature dependence data of luminescence intensities from emission bands A, B, and C. The intensities from B and C disappear rapidly between 40 K and 80 K as the temperature increases, however, the emission photoluminescence from A is further increased in this range. This behavior results from the change with temperature of the Fermi distribution of the electrons in the indirect band and the thermalization of electrons from the states related to emission bands B and C into the conduction band minima. 12) However, similar decay behavior of luminescence intensities as a function of temperature has also been observed in ref. 12 . According to ref. 12 , this phenomenon of the emission bands B and C is ascribed to photoluminescence from structural defects, the number of defects also increases with impurity content.
The temperature dependence of peak energy from emission band D is shown in Fig. 5 . For comparison, the variation of the direct band-gap energy of GaSe as a function of temperature is also shown in this figure. Here, we evaluated the band-gap energy from the n ¼ 1 exciton (peak A) by adding 19.5 meV, which is the value for the ionization energy (Rydberg energy) of the ground state.
12) In Fig. 5 , the variation of peak energy from D almost followed that of the band-gap energy of GaSe. These results indicate that the emission band D might be attributed to the transition from the conduction band to the impurity level or from the impurity level to the valence band. 4) Besides, the behavior from thermal quenching of the emission band D is shown in Fig. 6 . The variation of PL intensity IðTÞ with temperature T can be described by 13) IðTÞ
where I 0 is the PL intensity as T approaches 0 K, c is a temperature-independent constant, k is Boltzmann's constant and E a is activation energy. The solid lines in Fig. 6 fit both the as-grown and annealed samples. The activation energies of about 64.2 meV and 61.4 meV are obtained from the asgrown and annealed samples, respectively. Among the RE doped semiconductors, such as InP:Er, GaAs:Nd, and InP:Nd, the similar trap level ranging from 80-120 meV exists in those host-materials. 14) Besides, the sum of the 2.064 eV emission peak (Band A) energy and the $64 meV thermal quenching activation energy from the emission band D agrees with the band-gap energy of GaSe. According to the above results and Hall measurement, the radiative transition from D can be explained by the impurity-band recombination and the impurity level is at $64 meV above the valence band. In Fig. 3 , PL intensity from emission band D at 2.064 eV increases through the annealing process. This result is consistent with those of Hall measurement and FTIR transmission spectra. Additionally, the temperature dependence of peak energy from E is also revealed in Fig. 5 . The intensities of emission band E disappear rapidly at 50 K as temperature increases. Therefore, the PL peak from E at 2.032 eV might be due to the one-LO-phonon replica of the band-impurity recombination at 2.064 eV, because the energy difference between D and E matches that of the E 0 2 (LO) mode which is 31.25 meV (252 cm À1 ). Furthermore, as shown in Fig. 7 , strong luminescence emissions from intra-4f shell transitions associated with Er 3þ are revealed in as-grown and annealed Er:GaSe at low temperatures. The 4f levels are determined in terms of angular quantum number J and are split into several sublevels by the Stark effect in the crystal field. Therefore, it depicts the infrared spectra that exhibit a characteristic luminescence at 0.81 mm, 0.99 mm and 1.54 mm arising from the intracenter transitions 4I 9=2 ! 4I 15=2 , 4I 11=2 ! 4I 15=2 , and 4I 13=2 ! 4I 15=2 of erbium ions in Er:GaSe at low temperatures. Besides, the annealed Er:GaSe observably exhibits stronger infrared luminescence than the as-grown one. We believe that more erbium ions become active through the annealing process. The intracenter transition of wavelength of 1.54 mm at room temperature cannot be detected due to a stronger thermal quenching effect. 15) These results match with our FTIR measurements.
Conclusion
Photoluminescence, FTIR, EPMA, and Hall effect measurements on Er:GaSe have been carried out. Hall effect measurement has shown that doping with Er leads to an effective reduction of resistivity and a total acceptor concentration in a significant range $10
17 . Radiative transition with erbium atoms was primarily caused by an acceptor level at 2.064 eV. The emission band E at 2.032 eV might be due to the one-LO-phonon replica of the bandimpurity recombination at 2.064 eV. The emission bands at 2.103 eV and 2.093 eV are ascribed to structural defects based on the temperature dependence of PL intensities. Finally, the infrared luminescence and transmission spectra that arise from the intracenter transitions 4I 9=2 ! 4I 15=2 , 4I 11=2 ! 4I 15=2 , and 4I 13=2 ! 4I 15=2 of erbium ions are observed.
